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ABSTRACT

The A2B receptor (A2BR) can mediate adenosine-induced tumor proliferation, 
immunosuppression and angiogenesis. Targeting the A2BR has proved to be 
therapeutically effective in some murine tumor models, but the mechanisms of 
these effects are still incompletely understood. Here, we report that pharmacologic 
inhibition of A2BR with PSB1115, which inhibits tumor growth, decreased the number 
of fibroblast activation protein (FAP)-expressing cells in tumors in a mouse model of 
melanoma. This effect was associated with reduced expression of fibroblast growth 
factor (FGF)-2. Treatment of melanoma-associated fibroblasts with the A2BR agonist 
Bay60-6583 enhanced CXCL12 and FGF2 expression. This effect was abrogated by 
PSB1115. The A2AR agonist CGS21680 did not induce CXCL12 or FGF2 expression in 
tumor associated fibroblasts. Similar results were obtained under hypoxic conditions 
in skin-derived fibroblasts, which responded to Bay60-6583 in an A2BR-dependent 
manner, by stimulating pERK1/2. FGF2 produced by Bay60-6583-treated fibroblasts 
directly enhanced the proliferation of melanoma cells. This effect could be reversed by 
PSB1115 or an anti-FGF2 antibody. Interestingly, melanoma growth in mice receiving 
Bay60-6583 was attenuated by inhibition of the CXCL12/CXCR4 pathway with 
AMD3100. CXCL12 and its receptor CXCR4 are involved in angiogenesis and immune-
suppression. Treatment of mice with AMD3100 reduced the number of CD31+ cells 
induced by Bay60-6583. Conversely, CXCR4 blockade did not affect the accumulation 
of tumor-infiltrating MDSCs or Tregs. Together, our data reveal an important role for 
A2BR in stimulating FGF2 and CXCL12 expression in melanoma-associated fibroblasts. 
These factors contribute to create a tumor-promoting microenvironment. Our findings 
support the therapeutic potential of PSB1115 for melanoma.

INTRODUCTION

In the tumor microenvironment stromal cells, 
including endothelial cells, fibroblasts and several 
types of immune and inflammatory cells, communicate 
with neoplastic cells through multiple soluble factors. 
Stroma-derived growth factors, cytokines and 
chemokines can directly induce the proliferation and 
migration of neoplastic cells and support angiogenesis. 
At the same time, they create a chronic inflammatory 
milieu that attracts lymphoid and myeloid cells with 

immunosuppressive features, allowing tumor cells 
to escape the immune response. Furthermore, tumor 
stromal cells such as cancer-associated fibroblasts can 
also induce resistance to chemotherapy and/or targeted 
therapy, in a soluble factor- and cell adhesion-dependent 
manner [reviewed in Refs 1 and 2]. Therefore, thoroughly 
understanding the mechanisms that regulate the interplay 
between stromal cells and neoplastic cells is of great 
therapeutic relevance.

Adenosine is a tumor-promoting factor generated 
from the degradation of ATP, released by inflammatory 
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and/or dying cells in tissue [3]. Extracellular 
concentrations of adenosine increase in hypoxic tumor 
tissues because of the up-regulation of adenosine-
generating enzyme CD73, expressed on tumor cells and/
or host cells [3, 4]. Within the tumor microenvironment, 
adenosine can affect the behavior of cells including 
tumor stromal cells and tumor-infiltrating immune 
cells, protecting tumors from T-cell responses [5]. 
Among the adenosine receptor subtypes, A2A is the 
most thoroughly characterized receptor involved in the 
immunosuppressive effects of adenosine [6]. Inhibitors 
of CD73 and/or A2A receptor antagonists are referred to 
as a next generation of immune-checkpoint inhibitors for 
cancer immunotherapy [6–8].

Over the years, an increasing number of studies have 
revealed that the A2B receptor (A2BR) plays an important 
role in tumor-promoting effects of adenosine. A2BR 
activates multiple downstream pathways, including cAMP 
and ERK [9]. In contrast to A2AR, A2B is generally active 
only under pathophysiological conditions when high 
concentrations of adenosine occur [9], such as in solid 
tumors. Stimulation of A2BR in tumor cells can promote 
metastasis [10, 11] while in myeloid cells adenosine 
binding to A2BR induces immunosuppression [9, 12] 
and supports angiogenesis together with endothelial cells 
[13, 14]. Selective A2BR blockade significantly inhibits 
tumor growth in some murine models [15–20]. However, 
the mechanisms of these effects remain incompletely 
understood. Here, we report that A2BR blockade in 
melanoma-bearing mice reduces the number of fibroblast 
activation protein (FAP)-positive stromal cells in tumor 
lesions. We hypothesized that the A2BR may have a 
role in modulating the activity of stromal fibroblasts. We 
determined that A2BR stimulation induces the expression 
of FGF2 and CXCL12 in melanoma-associated fibroblasts. 
These mediators critically support melanoma cells growth 
and angiogenesis in vivo.

RESULTS

The anti-tumor activity of PSB1115 is associated 
with reduced FAP and FGF2 expression in 
melanoma tissues

We have previously demonstrated that A2BR 
blockade inhibits tumor progression in mice (Figure 1A) 
[17]. To better understand how the A2BR regulates tumor 
growth within tumor microenvironment, we focused on 
the activation status of tumor stromal cells. C57Bl6 mice, 
implanted with B16.F10 melanoma cells, received daily 
vehicle (phosphate-buffered saline, PBS) or PSB1115, 
a selective A2BR antagonist (1 mg/kg, p.t.) [19–21]. 
Melanoma tissues were collected from mice and tumor 
sections were stained with an antibody anti-fibroblast 
activation protein α (FAPα), a common marker of activated 
fibroblasts in tumors [22, 23]. Treatment with PSB1115 

led to a reduction in FAP positive cells within tumor tissue 
(Figure 1B, 1C and 1D). This result was confirmed by flow 
cytometric analysis of FAP positive cells in melanoma 
tissues of PSB1115-treated mice versus control (Figure 
1E). Notably, analyses performed in tumors of similar 
sizes, harvested from control mice vs PSB1115-treated 
mice, showed no correlation between FAP expression and 
tumor size, suggesting that the treatment of mice with 
the A2BR inhibitor reduced the number of FAP positive 
cells in melanoma. Tumor sections of mice treated with 
PSB1115 also showed reduced expression of basic 
fibroblast growth factor (FGF)-2 (Figure 1F). Blocking 
the A2BR with PSB1115 resulted in a significantly lower 
number of FGF2-positive cells in the tumors compared to 
control (Figure 1G).

A2BR stimulation induces CXCL12 expression 
in FAP-expressing tumor stromal cells

Previous reports show that the A2BR is expressed 
in fibroblasts [24–26]. Therefore using an anti-A2B 
antibody (clone N-19) we verified that FAP positive 
cells in melanoma tissue express A2BR (Supplementary 
Figure S1).

Based on the results shown in Figure 1, we 
hypothesized that A2BR activation could drive fibroblasts 
activation within tumor lesions. We examined the 
expression of FAP in melanoma sections harvested from 
mice treated with the selective A2BR agonist Bay60-6583 
[21, 27] or vehicle. The number of FAP positive cells was 
significantly increased in melanoma tissues of mice treated 
with Bay60-6583 compared to control (Figure 2A and 2B). 
The percentage of FAP+ cells in tumor suspensions from 
Bay60-6583-treated mice versus control mice was also 
determined by flow cytometric analysis (Supplementary 
Figure S2). FAP expression was accompanied by increased 
expression of FGF2 (Figure 2C and 2D).

Tumor-associated fibroblasts are critical component 
of tumor stroma that produce and secrete various tumor-
promoting factors, including CXCL12 or stromal-derived 
factor 1 α (SDF1α) [28–30]. Thus, we sought to examine 
the expression of CXCL12 in melanoma sections using 
a specific antibody. The results show that CXCL12 
expression was higher in tissues harvested from mice 
treated with Bay60-6583 compared to controls (Figure 2E 
and 2F). The CXCL12 positive cells were FAP positive 
(Figure 2E and 2G), showing that fibroblasts are a major 
source of CXCL12 under our experimental conditions, in 
line with previous studies [28, 29].

A2BR induces FGF2 and CXCL12 expression in 
isolated melanoma-associated fibroblasts

To support a critical role of the A2BR in promoting 
stromal cells activation in tumors, we evaluated the 
response to Bay60-6583 in fibroblasts isolated from 
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Figure 1: A2BR blockade of in vivo reduces fibroblast activation protein (FAP) expression in melanoma tissues. A. 
C57Bl6 mice were injected subcutaneously with 2.5 x 105 B16.F10 melanoma cells. On day 6 after tumor cell injection, mice were treated 
peritumorally with PSB1115 (1 mg/kg) every day for one week. Tumor volume was monitored and calculated as described in Material and 
Methods. Results are expressed as mean ± SEM. n=11 mice/group. ***p<0.001 as determined by ANOVA. B. immunofluorescence images 
of melanoma sections from C57Bl/6 mice treated with vehicle (control, Ctr) or with PSB1115, a selective A2BR antagonist, stained with an 
anti-FAP-α specific antibody (red) and counterstained with DAPI (blue). Data are representative of n=6 mice/group. C. isotype IgG control 
did not shown any positive staining. Scale bar, 20 μm. D. number of FAP positive cells in control (Ctr) and PSB1115-treated mice. Data are 
from sections derived from tumors obtained from 6 different mice/group. Two sections were stained for each tumor and positive cells were 
counted in four to five randomly selected fields per tumor section. E. percentage of FAP+ cells analyzed by flow cytometry in melanoma 
tissues harvested from control mice or PSB1115-treated mice. Data are expressed as mean ± SEM. n=7 mice/group. F. representative 
immunofluorescence images of melanoma sections from control mice or mice treated with PSB1115, stained with an anti-FGF2 specific 
antibody (red) and counterstained with DAPI (blue). Isotype IgG control did not shown any staining (please refer to panel B). Scale bar, 20 
μm. G. number of FGF2 positive cells in tumors from control (Ctr) and PSB1115-treated mice counted in four to-five randomly selected 
fields per tumor section. Data are from sections derived from tumors of 5 mice/group and expressed as mean ± SEM. *, p<0.05 and **, 
p<0.01 (unpaired Student’s t test).
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Figure 2: A2BR stimulation enhances the number of FAP positive cells that express CXCL12 and FGF2 in melanoma 
tissue. A. representative immunofluorescence images of melanoma sections from mice receiving vehicle (control, Ctr) or mice treated 
with Bay60-6583, a selective A2BR agonist, stained with anti-FAPα antibody (red) and counterstained with DAPI (blue). Scale bar, 20 
μm. B. number of FAP positive cells in tumors from control (Ctr) and Bay60-6583-treated mice. Data are from sections derived from 
tumors obtained from 5 different mice/group. Two sections were stained for each tumor and positive cells were counted in four to five 
randomly selected fields per tumor section. Results are expressed as mean ± SEM. ***, p<0.001 as determined by Student’s t-test. C. 
Immunofluorescence images of melanoma sections from control mice or mice treated with Bay60-6583, stained with anti-FGF2 antibody 
(red) and counterstained with DAPI (blue). Scale bar, 20 μm. D. number of FGF2 positive cells in tumors from control (Ctr) and Bay60-
6583-treated mice counted as described above. Results are expressed as mean ± SEM. n=5 mice/group. ***, p<0.001 as determined by 
Student’s t-test E. representative immunofluorescence images of melanoma sections from control (Ctr) mice or mice treated with Bay60-
6583 stained with an anti-CXCL12 antibody (green) and with an anti-FAPα antibody (red) and counterstained with DAPI (blue). The 
merged image shows the co-localization of CXCL12 and FAP. Immunofluorescence image of melanoma section stained with normal rabbit 
IgG and mouse IgG is shown in the lower panel. Scale bar, 20 μm. F. number of CXCL12 positive cells in tumors from control (Ctr) and 
Bay60-6583-treated mice. Data are from sections derived from tumors obtained from 6 different mice/group. Two sections were stained 
for each tumor and positive cells were counted in four to five randomly selected fields per tumor section. Results are expressed as mean 
± SEM. ***, p<0.001 as determined by Student’s t-test G. quantification of CXCL12 positive FAP positive cells in tumors from control 
(Ctr) and Bay60-6583-treated mice. Results are expressed as mean ± SEM. n=6 mice 7 group. **, p<0.01 as determined by Student’s t-test.
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melanoma tissues of C57Bl/6 mice. Melanoma-associated 
fibroblasts were isolated and cultured in vitro as described 
in the Methods section. A representative image of 
spindle-shaped, vimentin-positive melanoma-associated 
fibroblasts is shown in Figure 3A. Fibronectin staining 
was also used to characterize isolated cells (Figure 3B). 
Melanoma-associated fibroblasts grown on polylysine-
coated plates and treated with 10 nM Bay60-6583 for 24 
hours showed increased expression of both FGF2 and 
CXCL12 compared to vehicle-treated cells (Ctr) (Figure 
3C and 3D). These effects were abrogated by the A2B 
antagonist PSB1115 (100 nM, Figure 3D), suggesting 
that Bay60-6583 induces the expression of FGF-2 and 
CXCL12 in tumor-associated fibroblasts in an A2BR-
dependent manner.

Normal mouse fibroblasts isolated from skin were 
also used to assess the response to Bay60-6583. When 
these cells were exposed for 24 hours to a hypoxia-
inducing treatment (100 μM CoCl2) as a tumor-relevant 
stressor [31] and then treated with Bay60-6583 for another 
24 hours, the expression of both FGF2 and CXCL12 
increased (Figure 4A). The hypoxic state induced by 
CoCl2 resulted in hypoxia-inducible factor (HIF)-1α 
up-regulation (Figure 4B and 4C) [31]. The expression 
of A2BR was shown to be induced in hypoxia in a HIF-
1-dependent manner [24, 32]. Thus, we tested whether 
A2BR was induced in hypoxic fibroblasts under our 
experimental conditions along with FGF2 and CXCL12. 
However, A2BR expression was not induced in hypoxic 
fibroblasts (Figure 4B and 4D), whilst CD73, the enzyme 
responsible for extracellular adenosine production, was 
induced (Figure 4E and 4F). The effect of Bay60-6583 
on CXCL12 expression was concentration-dependent 
and blocked by PSB1115 (Figure 4G). We also found 
that stimulation of cells with Bay60-6583 (10 nM) 
induced a rapid phosphorylation of ERK1/2 (Figure 4H). 
Administration of the selective A2AR agonist CGS21680 
(1 μM) did not have any effect on the expression of 
CXCL12 and FGF2 in isolated fibroblasts, contrary to 
Bay60-6583-treated cells (Supplementary Figure S3A). 
Moreover, in contrast to Bay60-6583, CGS21680 did not 
induce the expression of phospho-ERK1/2 in these cells 
(Supplementary Figure S3B).

Bay60-6583-induced FGF2 enhances B16.F10 
melanoma cells proliferation

FGF2 is a growth factor strongly implicated in 
tumor cell growth [33]. To investigate whether FGF2 
produced by fibroblasts upon A2BR stimulation could 
influence tumor cell proliferation, we performed MTT 
assays in B16.F10 melanoma cells co-cultured with tumor-
isolated fibroblasts stimulated with 10 nM Bay60-6583 or 
vehicle (Ctr) for 24 hours or 48 hours. The proliferation 
of tumor cells co-cultured with fibroblasts increased after 
administration of Bay60-6583 (Figure 5A). This effect 

was blocked when the A2BR antagonist PSB1115 was 
added to the co-culture (Figure 5A). Neutralization of 
FGF2 with an anti-FGF2 antibody abrogated the effect of 
Bay60-6583 (Figure 5A). Importantly, A2BR stimulation 
with Bay60-6583 (for 24, 48 or 72 hours) did not affect 
the proliferation of isolated fibroblasts (Figure 5B), or that 
of B16.F10 melanoma cells in the absence of fibroblasts, 
as we have previously reported [17] (data not shown). 
Treatment with pure, recombinant FGF-b (30-100 ng/
ml) recapitulated the effect of fibroblast-derived FGF-b 
(Figure 5C).

Taken together, these results indicate that FGF2 
released from fibroblasts upon A2BR stimulation induces 
melanoma cells proliferation, as reported by other authors 
[33, 52–54].

CXCR4 inhibition prevents the pro-angiogenic 
effects of Bay60-6583

Next, we investigated whether A2BR-induced 
CXCL12 expression could contribute to the tumor 
promoting effects of Bay60-6583 in vivo. We previously 
described a role for A2BR in inducing tumor accumulation 
of MDSC, which suppress anti-tumor T-cell responses 
[17], and tumor angiogenesis [14]. CXCL12 and its 
receptor CXCR4 were shown to be important for 
recruitment of immunosuppressive cells such as MDSC 
and Tregs in the tumor microenvironment [34, 35] 
and for tumor angiogenesis [28]. We used a selective 
antagonist of the CXCL12 receptor CXCR4, AMD3100. 
AMD3100 was administered to melanoma-bearing 
mice peritumorally to directly evaluate the possible 
involvement of the CXCL12/CXCR4 pathway in A2BR-
mediated effects within tumor environment, minimizing 
possible systemic effects of this molecule. Treatment with 
AMD3100 blocked the pro-tumor effects of Bay60-6583 
and significantly reduced tumor growth in melanoma-
bearing mice (Figure 6A). Tumor-infiltrating MDSCs, 
which express CXCR4 [34, 35] (data not shown), 
accumulated in mice receiving Bay60-6583 (Figure 6B). 
Treatment with AMD3100 did not suppress this effect 
(Figure 6B). No effect of AMD3100 was observed on the 
number of FoxP3 regulatory T cells infiltrating melanoma 
lesions of either control mice or Bay60-6583-treated mice 
(Supplementary Figure S4A). Accordingly, AMD3100 
did not affect the percentage of tumor-infiltrating CD8+ 
or CD4+ T-cells, which were decreased in Bay60-6583-
treated mice compared to controls (Supplementary Figure 
S4B and S4C).

CD31-positive endothelial cells also expressed 
CXCR4 (Figures 6C and Supplementary Figure S5) [28, 
30] and A2BR stimulation increased CD31+ cells within 
tumor lesions (Figure 6D and 6E) [14]. Blocking CXCR4 
suppressed the increase in microvessel density induced by 
Bay60-6583, as determined by the lower number of CD31 
positive cells (Figure 6D and 6E). Notably, inhibition of 
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Figure 3: Bay60-6583 induces the expression of FGF2 and CXCL12 in isolated melanoma-associated fibroblasts. A. 
and B. representative immunofluorescence image of melanoma-isolated fibroblasts stained with an anti-vimentin specific antibody or anti-
fibronectin antibody (red), respectively, and counterstained with DAPI (blue). Scale bar, 50 μm. C. representative immunofluorescence 
images of fibroblasts isolated from melanoma tissue, grown on polylysine-coated plates and stimulated with 10 nM Bay60-6583 for  
24 h or vehicle (Ctr) and then stained with an anti-FGF2 antibody (red) and with an anti-CXCL12 antibody (green) and counterstained with 
DAPI (blue). Scale bar, 50 μm. D. image analysis of CXCL12 and FGF2 in melanoma-associated fibroblasts stimulated or not with 10 nM 
Bay60-6583 or 100 nM PSB1115 or both for 24 hours. Results are mean (± SEM) of 4 separate fibroblast preparations, each isolated from 
melanoma tissue of C57B6 mice. AU, arbitrary units. ***p<0.001 as determined by ANOVA analysis.
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Figure 4: Bay60-6583 induces the expression of FGF2 and CXCL12 in skin-derived fibroblasts under hypoxic 
conditions in a concentration-dependent manner. A. representative immunofluorescence images of skin-derived fibroblasts stained 
with an anti-FGF2 antibody (red) and with an anti-CXCL12 antibody (green) and counterstained with DAPI (blue). Cells were exposed 
to hypoxia (100 μM CoCl2) for 24 hours and then stimulated with 10 nM Bay60-6583 for another 24 h or vehicle (Ctr). Scale bar, 50 μm. 
Images are representative of separate fibroblasts preparations, each derived from skin of C57Bl/6 mice (n=5). B. Western blot analysis 
of HIF1α (upper panel) and A2B receptor (middle panel) expression in fibroblasts exposed to CoCl2 at different times (0 to 24 hours). 
Vimentin (lower panel) was used as loading control. C and D. The optical density of HIF-1α and A2BR, respectively, detected by Western 
blotting was normalized to vimentin as control and expressed as mean ±SEM. n=5 *p<0.05 and **p<0.01. E. Western blot analysis of CD73 
expression in fibroblasts exposed to CoCl2 at different times (0 to 24 hours). β-actin was used as loading control. F. The optical density of 
CD73 is expressed as mean ± SEM. n=5 *p<0.05. G. ELISA analysis of CXCL12 protein levels in the supernatants of hypoxic fibroblasts 
stimulated with Bay60-6583 (1, 10 or 100 nM) with or without 100 nM PSB1115 (indicated as PSB) for 24 hours. Results are expressed 
as mean ± SEM. n=5 *p<0.05 (ANOVA). H. representative Western blot showing the expression of phospho-ERK1/2 and total ERK1/2 in 
fibroblasts control (0 min) and treated with Bay60-6583 (10 nM) at 5-30-60 min.
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A2BR in melanoma-bearing mice reduced the number of 
CD31+ cells compared to control (Figure 6F). Altogether, 
these findings suggest that A2BR-induced expression of 
CXCL12 in stromal cells contributes to its pro-angiogenic 
effect rather than immune-suppressive effects, establishing 
a positive cross-talk between fibroblasts and endothelial 
cells that sustains tumor growth.

DISCUSSION

Stromal fibroblasts play a crucial role in tumor 
initiation and progression [1]. These cells participate in an 

intricate cross-talk with tumor cells and other stromal cells 
in the tumor microenvironment. One of the mechanisms of 
this crosstalk is the production of paracrine factors such as 
CXCL12 or FGF2.

Here we show that A2BR stimulation enhances 
the number of FAP positive cells in melanoma tissues of 
C57Bl6 mice. Administration of A2BR agonist Bay60-
6583 enhances the expression of CXCL12 and FGF2 in 
melanoma-associated fibroblasts in an A2BR-dependent 
manner. These factors in turn contribute to promoting 
tumor growth. Blockade of the CXCL12 receptor CXCR4 
with AMD3100 had significant anti-tumor activity and 

Figure 5: FGF2 derived from Bay60-6583 stimulated tumor-associated fibroblasts induces B16.F10 proliferation. A. 
proliferation of B16.F10 melanoma cells co-cultured with tumor-associated fibroblasts (ratio 1:1) in presence of vehicle (Ctr), Bay60-6583 
or anti-FGF2 antibody (anti-FGF2) or with anti-FGF2 antibody + Bay60-6583 (anti-FGF2+Bay) for 24 hours. *p<0.05 versus control (Ctr). 
B. proliferation of tumor-associated fibroblasts grown of polylysine-coated plates in presence of vehicle (Ctr) or Bay60-6583 for 72 hours. 
C. proliferation of B16.F10 melanoma cells in presence of recombinant FGF2 (30-100 ng/ml) for 24 hours. Data expressed as mean ± SEM 
are from two independent experiments. *p<0.05.
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Figure 6: Inhibition of CXCR4 with AMD3100 prevents the pro-angiogenic effects of Bay60-6583. A. Tumor size (mm3) 
measured in control (Ctr) mice or mice treated with Bay60-6583, AMD3100 or AMD3100 + Bay60-6583. n=7 for control or Bay60-6583 
and 10 for mice treated with AMD3100 or AMD3100 + Bay60-6583. **, p<0.01 versus Ctr, ###, p<0.001 versus AMD3100 and ººº, p<0.001 
versus AMD3100 + Bay60-6583 (ANOVA). B. flow cytometric analysis of CD11b+Gr1+ cells measured in melanoma tissues from mice 
treated as above. n=7 mice/group. *p<0.05. C. representative immunofluorescence images of melanoma sections from mice stained with 
an-anti-CD31 specific antibody (FITC-conjugated) and anti-CXCR4 antibody (red) and counterstained with DAPI (blue). The merged 
image shows the co-localization of CD31 and CXCR4. Scale bar, 20 μm. D. representative immunofluorescence images of melanoma 
sections from control (Ctr) mice or mice treated with Bay60-6583 or AMD3100 or AMD3100 + Bay60-6583 stained with an anti-CD31 
specific antibody (green) and counterstained w Scale bar, 20 μm. E. quantification of CD31 positive cells in tumors from mice described 
above. Data are from sections derived from tumors obtained from 6 different mice/group. Two sections were stained for each tumor and 
positive cells were counted in four to five randomly selected fields per tumor section. Results are expressed as mean ± SEM. ***p<0.001 
(ANOVA). F. number of CD31+ cells in PSB1115-treated mice and control mice determined as described above. *p<0.05 (Student’s t-test).
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reversed the pro-angiogenic activity of Bay60-6583, 
but not its effects on MDSC accumulation and tumor-
infiltrating Treg or CD8+T cells number.

Numerous reports show that adenosine plays an 
important role in modulating the functions of fibroblasts 
in the context of pathological processes, including 
wound healing and fibrosis [reviewed in Ref 36]. Due to 
phenotypic and functional heterogeneity of fibroblasts, 
different effects of A2BR stimulation have been reported. 
In mouse cardiac fibroblasts A2BR activation promotes 
IL-6 release [37], whilst it reduces collagen production 
and proliferation [38, 39]; in synovial fibroblasts 
stimulation of A2BR decreases MMP1 expression [40] and 
in human pulmonary fibroblasts it increases the release of 
IL-6 and promotes the differentiation of fibroblasts into 
myofibroblasts under normoxic and hypoxic conditions 
[24]. Here, we show for the first time, to the best of our 
knowledge, a role for A2BR in promoting the activation 
of FAP-α positive tumor stromal cells. FAP-α is expressed 
in activated fibroblasts during wound healing and 
inflammatory- and fibrosis-associated diseases [41, 42] 
and in quiescent mesodermal cells in multiple tissues 
[43]. In tumors, it has emerged as a marker of tumor-
activated fibroblasts termed carcinoma-associated 
fibroblasts (CAFs) [1]. CAFs that selectively express FAP 
have been found in almost all human carcinomas [22, 44, 
45], including melanoma [46]. A number of studies have 
shown that FAP- positive CAF promote tumor growth 
by inducing tumor immune evasion [29] and tumor 
stromagenesis and vascularization [47], making FAP a 
potential therapeutic target in cancer.

Our results show that the number of FAP-positive 
cells significantly increased in tumors of mice treated 
with the A2BR agonist Bay60-6583 compared to controls. 
This effect was associated with a higher expression of 
CXCL12 in FAP-positive cells. These findings were 
supported by in vitro studies in fibroblasts isolated from 
melanoma tissues of C57Bl6 mice exposed to Bay60-
6583. The expression of CXCL12 increased in melanoma-
associated fibroblasts treated with Bay60-6583. Co-
administration of A2BR antagonist PSB1115 completely 
reversed this effect, indicating a direct role for A2BR in 
inducing CXCL12 production in melanoma-associated 
fibroblasts. Similar results were also obtained in skin 
fibroblasts isolated from C57Bl6 mice under hypoxic 
conditions, mimicking a common feature of tumor 
microenvironment. Based on previous reports on the up-
regulation of A2BR in a HIF-dependent manner [24, 32], 
we hypothesized that A2BR expression was induced on 
our cells under hypoxic conditions. However, we were 
unable to detect any regulation of A2BR expression. 
Conversely, CD73 was up-regulated in hypoxic 
fibroblasts, suggesting that these cells can contribute to 
the production of extracellular adenosine. In the context 
of a tumor, high concentrations of adenosine produced by 
CD73-expressing fibroblasts, tumor-infiltrating immune 
cells and/or tumor cells [44, 45], may increase CXCL12 

expression in fibroblasts themselves through A2BR. An 
important limitation in elucidating the specific role of 
the A2BR in specific cell populations is that many cells 
also express A2AR, which shares many similarities with 
A2BR. In this regard, we could not detect any effect 
of the A2AR agonist CGS21680 on either FGF2 or 
CXCL12 expression under these experimental conditions. 
Moreover, administration of CGS21680 did not induce 
ERK activation (pERK) in contrast with Bay60-6583-
treated fibroblasts. These results strongly support our 
findings on A2B-dependent induction of FGF2 and 
CXCL12 expression in melanoma-derived fibroblasts, 
ruling out an involvement of A2AR.

A role for the A2AR in cancer-associated fibroblasts 
has been also identified. A study by Mediavilla-Varela et 
al. shows that A2AR blockade reduces the proliferation 
of CAF cell lines, suggesting a mechanism whereby 
adenosine produced by CAF enhances their proliferation 
in an autocrine manner via the A2AR [49]. These 
observations, together with the data we present here, 
strongly support the important role of the CD73-A2A/A2B 
receptors axis in modulating multiple functions of cells 
within tumor microenvironment, including fibroblasts.

CXCL12 regulates tumor growth, angiogenesis 
and progression by acting on CXCR4-expressing 
cells. Expression of the CXCL12/CXCR4 axis is 
increased in numerous cancer types [30], and it may 
serve as a diagnostic or prognostic biomarker in cancer 
patients, including those with melanoma [50, 51]. Our 
data indicate that A2BR stimulation can enhance the 
expression of CXCL12, which contributes to its pro-
tumor activity. CXCL12/CXCR4 can directly influence 
the proliferation, migration and invasion of CXCR4-
expressing tumor cells [reviewed in Ref 30]. The B16.
F10 melanoma cells used in our experimental model did 
not express CXCL12 or CXCR4, ruling out direct effects 
on melanoma cells. Rather, we observed that FGF2, 
whose expression significantly increased in melanoma-
associated fibroblasts upon A2BR stimulation, directly 
promotes the proliferation of B16.F10 melanoma cells. 
This is consistent with previous reports [52–54]. FGF2 
is also an important player in tumor angiogenesis [33]. 
Although we did not directly address this in these studies, 
it is likely that this growth factor may participate to the 
pro-angiogenic effects of the A2BR.

AMD3100, a specific CXCR4 inhibitor, 
significantly suppressed tumor growth promoted by 
A2BR stimulation in melanoma-bearing mice. The 
CXCL12/CXCR4 axis promotes tumor angiogenesis 
through multiple mechanisms that lead to the recruitment 
of CXCR4 positive vascular cells into tumor lesions 
and/or up-regulation of pro-angiogenic factors such as 
VEGF or other mediators [reviewed in Ref 30]. In this 
study, AMD3100 completely prevented the increase in 
microvessel density that occurs in Bay60-6583-treated 
mice. Our previous work shows that A2BR stimulation 
induces the expression of VEGF, which facilitates tumor 
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progression [14]. A2BR-induced CXCL12 may participate 
in the pro-angiogenic effect of A2BR by creating a link 
between stromal fibroblasts and endothelial cells.

Our results indicate that AMD3100 prevents the 
pro-angiogenic effects of A2BR stimulation by reducing 
the vessel density within tumor tissue. However, it is 
likely that CXCL12 also targets other cells expressing 
CXCR4. CXCL12 contributes to tumor immune escape, 
by inducing the migration of CXCR4+ regulatory cells, 
including MDSCs and Tregs toward CXCL12-rich 
tumor microenvironment [34, 35]. In this regard, some 
studies have demonstrated that inhibition of CXCR4 with 
AMD3100 improves T-cell responses in pancreatic cancer 
[25] or prevents immune suppression in UV-induced skin 
cancer [55]. In our model, AMD3100 did not suppress the 
accumulation of tumor MDSCs induced by Bay60-6583. 
No effect of AMD3100 was observed on the number of 
FoxP3 regulatory T-cells or CD8+T-cells infiltrated into the 
melanoma lesions of either control mice or Bay60-6583-
treated mice. Although we cannot rule out the possibility 
that AMD3100 is targeting other immune-regulatory 
pathways that remain to be identified, the suppression of 
the pro-angiogenic effects induced by A2BR stimulation 
may be the primary mechanism of action of the antitumor 
effect of CXCR4 inhibition in Bay60-6583-treated mice. 
CXCL12 may regulate the accumulation/recruitment of 
immune cells through the CXCR7 receptor, which recent 
studies have linked to the pro-tumor effects of CXCL12 
[30]. Thus, CXCR4 blockade may not be sufficient to 
reduce the immunosuppressive effects of A2BR. These 
possibilities deserve further investigation.

In summary, this study shows that A2BR activation 
in tumor-associated fibroblasts triggers the expression of 
microenvironmental tumor-promoting factors in a murine 
model of melanoma, including FGF2 and CXCL12. It is 
important to note that the pharmacological agents used in 
this work, with improved specificity for the A2BR, may 
still have off-target effects. A tissue-specific conditional 
knockout mouse model lacking A2BR specifically in 
fibroblast cells would be the ideal approach to study the 
effects of fibroblast-specific A2BR ablation on tumor 
growth. Future genetic studies will address this question. 
Importantly, reduced fibroblast activation within tumor 
stroma is responsible for a significant component of the 
anti-tumor effect of a selective pharmacological A2BR 
blocker in our experimental model. These findings 
contribute to provide new insights into the mechanisms 
through which pharmacological manipulation of 
A2BR regulates intercellular crosstalk in the tumor 
microenvironment of B16 melanoma tumors.

MATERIALS AND METHODS

Mice and cells

C57BL/6 mice were purchased from Charles River 
Laboratories (Italy). B16.F10 murine melanoma cells were 

purchased from American Type Culture Collection (ATCC, 
LCG Standards S.r.l., Milan, Italy). Animal studies were 
approved by Italian Health Ministry (protocol n° 12827) 
according to institutional animal care guidelines, Italian 
Law 26/2014 based on the European Community Law for 
Animal Care 2010/63/UE.

In vivo experiments

2x105 B16-F10 cells were subcutaneously (s.c.) 
injected in the right flank of anesthetized mice [14, 17]. At 
day 7 after tumor cells implantation, when palpable tumors 
had developed, mice were treated with the selective A2BR 
antagonist PSB1115 1 mg/kg [19–21] or with the selective 
A2BR agonist Bay60-6583 0.2 mg/kg [21, 27] (both from 
Sigma Aldrich, Milan, Italy) by the peritumoral (p.t.) 
route, to directly evaluate the effects of these molecules 
in tumor tissue [14, 17]. Control mice received vehicle: 
phosphate-buffered solution (PBS) (Euroclone, Milan, 
Italy) as control for PSB1115; phosphate-buffered solution 
containing DMSO 0.01% as control for Bay60-6583. 
After one week of treatment mice were sacrificed and 
tumor tissue was collected from each mouse for further 
analyses. To block CXCL12 signaling, AMD3100 2.5 mg/
kg (Sigma-Aldrich, Milan, Italy), a selective antagonist of 
CXCR4, was administered p.t. every day starting from day 
7. Tumor volume was daily monitored and calculated as 
previously described [14].

Fibroblast isolation and in vitro experiments

To isolate tumor-associated fibroblasts melanoma 
samples from C57Bl6 mice were collected aseptically, 
washed with sterile PBS (Euroclone, Milan, Italy) and 
then placed in a Petri dish with RPMI1640 medium 
supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/
ml streptomycin (Lonza, Milan, Italy) in a tissue culture 
incubator, allowing fibroblasts to migrate from the tissue 
within 5-7 days. Fibroblasts were also isolated from skin 
of C57Bl6 mice as reported by Seleuanov et al., [56]. 
Briefly, skin samples were excised aseptically from mice 
and dissociated both mechanically by cutting the tissue 
into 1 mm pieces using a scalpel blade and enzymatically 
by using 1 U/ml collagenase A (Sigma-Aldrich, Milan, 
Italy). Digested skin fragments were placed in a Petri 
dish with RPMI1640 medium supplemented with 10% 
FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 
fibroblasts migrated out from tissue fragments within 5-7 
days.

Fibroblasts isolated from either melanoma or skin 
tissues, grown on polylysine-coated surfaces, were treated 
with Bay60-6583 (1, 10 or 100 nM) for further analyses. 
10 nM Bay60-6583 was selected to perform in vitro 
experiments as it achieved optimal effects in preliminary 
studies. Some experiments were also performed in the 
presence of 100 nM PSB1115. In additional experiments, 
fibroblasts isolated from skin tissue were exposed to 
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100 μM CoCl2 used as hypoxia inducer [27] at different 
time points (0-24 hours). Fibroblasts exposed to hypoxia 
were then treated with 10 nM Bay60-6583 for 24 h for 
further analyses. To analyze ERK1/2 activation, cells 
were stimulated with Bay60-6583 (10 nM) at different 
time points (5-30-60 min). Some experiments were also 
performed in presence of the A2AR agonist CGS21680 (1 
μM) as described above.

Confocal microscopy immunofluorescence

Confocal microscopy immunofluorescence analysis 
was performed on frozen sections of melanoma tissue 
or fibroblasts isolated from either melanoma or skin 
tissues. Frozen sections of melanoma tissue, fixed in 4% 
paraformaldehyde (PFA), were incubated with 20% goat 
serum containing 0.5% TritonX-100 for 30 minutes at room 
temperature to block nonspecific binding sites. Fibroblasts 
plated on poly-lysine-coated slides were washed twice in 
PBS, fixed in 4% PFA, and nonspecific binding sites were 
blocked using 20% goat serum or 5% bovine serum albumin 
(BSA) for 30 minutes at room temperature, as appropriate. 
Slides were stained overnight with the following primary 
antibodies: anti-FAPα (H-56) or anti-FGF-2 (147) (1:100; 
Santa Cruz Biotechnology) were detected with Alexa 
Fluor® 488 or 555 Goat Anti-Rabbit IgG (H+L) (1:5000) 
secondary antibodies (Life Technologies, Italy); anti-
CXCL12 (1:100; Santa Cruz Biotechnology) (clone 
P-159X) was detected with the secondary antibody Alexa 
Fluor® 488 Goat Anti-Mouse IgG (H+L) (1:5000); anti-
vimentin (E-5) (1:500; Santa Cruz Biotechnology) or anti-
fibronectin (A17) (1:200; Abcam) were detected with the 
secondary antibody Alexa Fluor® 555 Goat Anti-Mouse 
IgG (H+L) (1:5000); anti-CXCR4 (clone L276F12) (1:100; 
BioLegend) was detected with Alexa Fluor® 555 Goat 
Anti-Rat IgG (H+L) (1:5000); FITC-conjugated anti-CD31 
(MEC 13.3) (1:100, BioLegend) was also used. Primary 
antibody for A2B receptor: A2B-R (N-19) (1:50; Santa Cruz 
Biotechnology) was detected with the secondary antibodies 
DyLight™ 549-conjugated AffinePure Donkey anti-goat 
IgG (H+L) (Jackson ImmunoResearch Lab, UK). DAPI 
was used to counterstain nuclei. In all staining experiments, 
isotype-matched IgG and omission of the primary Ab were 
used as controls. Slides were observed using a Zeiss LSM 
710 Laser Scanning Microscope (Carl Zeiss MicroImaging 
GmbH). Samples were vertically scanned from the 
bottom of the coverslip with a 63 × or 40 x (1.40 NA) 
Plan-Apochromat oil-immersion objective. Images were 
generated with Zeiss ZEN Confocal Software (Carl Zeiss 
MicroImaging GmbH).

Western blotting

Fibroblasts were collected and suspended in RIPA 
buffer (Radio-Immuno Precipitation Assay Buffer). 
Forty micrograms of total protein were analyzed 

by 10% denaturing polyacrylamide gels and then 
transferred electrophoretically to PVDF membranes 
(Immobilon-NC, Millipore, Italy). Anti-A2BR (H-40) 
(Santa Cruz Biotechnology), anti HIF1α (A300-286A) 
(Bethyl Laboratories, Tema Ricerca, Italy) or anti CD73 
(5NT5E, C-terminal) (Sigma-Aldrich, Milan, Italy) 
or phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 
(D13.14.4E) or p44/42 MAPK (Erk1/2) (137F5) (Cell 
Signaling Technology) primary antibodies were used. 
Immunoreactive protein bands were visualized by 
enhanced chemiluminescence reagents (Amersham 
Pharmacia Biotech, Buckinghamshire, UK) and analyzed 
to Las4000 (GE Healthcare Life Sciences).

Proliferation assay

Tumor-derived fibroblasts, B16-F10 cells or co-
cultures of tumor-derived fibroblasts and B16-F10 cells 
(1:1 ratio) were seeded onto 96 well plates and treated 
with 10 nM Bay60-6583, 100 nM PSB1115 or both, and 
cell proliferation assays were performed at 24-48-72 
hours. Some experiments with fibroblasts co-cultured with 
melanoma cells were performed in presence of an anti-
FGF2 antibody (100 ng/ml) alone or in presence of 10 nM 
Bay60-6583. Recombinant FGF-β (Lonza, Italy) was used 
at the concentrations of 30-100 ng/ml.

ELISA

Mouse CXCL12/SDF-1 alpha ELISA kit (R&D 
Systems, Abingdon, UK) was used to measure the levels 
of CXCL12 in the supernatant of isolated fibroblasts 
stimulated with 1, 10 or 100 nM Bay60-6583 for 24 h with 
or without 100 nM PSB1115.

Flow cytometry

Melanoma tissues were digested with 1 U/ml 
collagenase (Sigma Aldrich, Italy), passed through 70-
μm cell strainers and red blood cells (RBC) were lysed to 
prepare single cell suspensions. Cell samples were blocked 
with anti-mouse CD16/CD32 (eBioscience, San Diego, 
CA, USA). Antibodies against CD11c-FITC, CD11b-
PeCy5.5, Gr1-PE or Gr1-allophycocyanin, CD3-PeCy5.5; 
CD8-allophycocyanin or CD8-PE; CD4-allophycocyanin; 
NK1.1-PE were obtained from eBioscience and 
BioLegend. Expression of FAP in melanoma tissue was 
also analyzed by flow cytometry by using an anti-FAP-
FITC and expressed as percentage of positive cells. Data 
were acquired with a FACSCalibur flow cytometer (BD 
Biosciences).

Statistics

Results of confocal microscopy immunofluorescence 
are coming from sections derived from tumors obtained 
from at least 5-6 different mice per condition, as reported 
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in the figure legends. Two sections were stained for each 
tumor and positive cells were counted in four-to-five 
randomly selected fields per tumor section. The results of 
immunofluorescence in fibroblasts are expressed as mean 
of 4 separate fibroblast preparations, each isolated from 
C57Bl6 mice (±S.E.M.). The optical density of the protein 
bands detected by Western blotting was performed with 
ImageQuantTL (Ge Healthcare). Results are expressed as 
mean ± SEM. Data were analyzed with GraphPad Prism 
6 (GraphPad Software). Two-tailed Student’s t test or 
ANOVA were used as appropriate. P values < 0.05 were 
considered significant and reported in the figure legends.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of 
interest.

GRANT SUPPORT

This work was supported by FARB 2014 (University 
of Salerno); P.O.R. Campania FSE 2007-2013 - Sviluppo 
Reti eccellenza - MODO (Model Organism) and STRAIN 
(Strategie Terapeutiche Innovative); P.O.R. Campania 
FESR 2007-2013 - O.O. 2.1 - OCKEY (Oncology and 
Cardiology Key targets).

REFERENCES

1. Öhlund D, Elyada E, Tuveson D. Fibroblast heterogeneity 
in the cancer wound. J Exp Med. 2014; 211:1503-1523.

2. Pietras K, Ostman A. Hallmarks of cancer: interactions with 
the tumor stroma. Exp Cell Res. 2010; 316:1324-1331.

3. Antonioli L, Blandizzi C, Pacher P, Haskó G. Immunity, 
inflammation and cancer: a leading role for adenosine. Nat 
Rev Cancer. 2013; 13:842-857.

4. Vaupel P, Mayer A. Hypoxia-Driven Adenosine 
Accumulation: A Crucial Microenvironmental Factor 
Promoting Tumor Progression. Adv Exp Med Biol. 2016; 
876:177-183.

5. Ohta A, Gorelik E, Prasad SJ, Ronchese F, Lukashev D, 
Wong MK, Huang X, Caldwell S, Liu K, Smith P, Chen 
JF, Jackson EK, Apasov S, et al. A2A adenosine receptor 
protects tumors from antitumor T cells. Proc Natl Acad Sci 
U S A. 2006; 103:13132-13137.

6. Sitkovsky MV, Hatfield S, Abbott R, Belikoff B, 
Lukashev D, Ohta A. Hostile, hypoxia-A2-adenosinergic 
tumor biology as the next barrier to overcome for tumor 
immunologists. Cancer Immunol Res. 2014; 2:598-605.

7. Leone RD, Lo YC, Powell JD. A2aR antagonists: Next 
generation checkpoint blockade for cancer immunotherapy. 
Comput Struct Biotechnol J. 2015; 13:265-272.

8. Allard D, Allard B, Gaudreau PO, Chrobak P, Stagg J. 
CD73-adenosine: a next-generation target in immuno-
oncology. Immunotherapy. 2016; 8:145-163.

9. Haskó G, Csóka B, Németh ZH, Vizi ES, Pacher P. A(2B) 
adenosine receptors in immunity and inflammation. Trends 
Immunol. 2009; 30:263-270.

10. Desmet CJ, Gallenne T, Prieur A, Reyal F, Visser NL, 
Wittner BS, Smit MA, Geiger TR, Laoukili J, Iskit S, 
Rodenko B, Zwart W, Evers B, et al. Identification of 
a pharmacologically tractable Fra-1/ADORA2B axis 
promoting breast cancer metastasis. Proc Natl Acad Sci U S 
A. 2013; 110:5139-5144.

11. Ntantie E, Gonyo P, Lorimer EL, Hauser AD, Schuld N, 
McAllister D, Kalyanaraman B, Dwinell MB, Auchampach 
JA, Williams CL. An adenosine-mediated signaling 
pathway suppresses prenylation of the GTPase Rap1B and 
promotes cell scattering. Sci Signal. 2013; 6:ra39.

12. Morello S, Miele L. Targeting the adenosine A2b 
receptor in the tumor microenvironment overcomes local 
immunosuppression by myeloid-derived suppressor cells. 
Oncoimmunology. 2014; 3:e27989.

13. Ryzhov S, Biktasova A, Goldstein AE, Zhang Q, Biaggioni 
I, Dikov MM, Feoktistov I. Role of JunB in adenosine 
A2B receptor-mediated vascular endothelial growth factor 
production. Mol Pharmacol. 2014; 85:62-73.

14. Sorrentino C, Miele L, Porta A, Pinto A, Morello S. 
Myeloid-derived suppressor cells contribute to A2B 
adenosine receptor-induced VEGF production and 
angiogenesis in a mouse melanoma model. Oncotarget. 
2015; 6:27478-27489. doi: 10.18632/oncotarget.4393.

15. Cekic C, Sag D, Li Y, Theodorescu D, Strieter RM, Linden 
J. Adenosine A2B receptor blockade slows growth of 
bladder and breast tumors. J Immunol. 2012; 188:198-205.

16. Beavis PA, Divisekera U, Paget C, Chow MT, John LB, 
Devaud C, Dwyer K, Stagg J, Smyth MJ, Darcy PK. 
Blockade of A2A receptors potently suppresses the 
metastasis of CD73+ tumors. Proc Natl Acad Sci U S A. 
2013; 110:14711-14716.

17. Iannone R, Miele L, Maiolino P, Pinto A, Morello S. 
Blockade of A2b adenosine receptor reduces tumor growth 
and immune suppression mediated by myeloid-derived 
suppressor cells in a mouse model of melanoma. Neoplasia. 
2013; 15:1400-1409.

18. Wei Q, Costanzi S, Balasubramanian R, Gao ZG, Jacobson 
KA. A2B adenosine receptor blockade inhibits growth of 
prostate cancer cells. Purinergic Signal. 2013; 9:271-280.

19. Stagg J, Divisekera U, McLaughlin N, Sharkey J, Pommey 
S, Denoyer D, Dwyer KM, Smyth MJ. Anti-CD73 antibody 
therapy inhibits breast tumor growth and metastasis. Proc 
Natl Acad Sci U S A. 2010; 107:1547-1552.

20. Mittal D, Sinha D, Barkauskas D, Young A, Kalimutho M, 
Stannard K, Caramia F, Haibe-Kains B, Stagg J, Khanna 
KK, Loi S, Smyth MJ. Adenosine A2B receptor expression 
on cancer cells promotes metastasis. Cancer Res. 2016; pii: 
canres.0544.2016.

21. Eckle T, Krahn T, Grenz A, Köhler D, Mittelbronn M, 
Ledent C, Jacobson MA, Osswald H, Thompson LF, Unertl 
K, Eltzschig HK. Cardioprotection by ecto-5’-nucleotidase 



Oncotarget64287www.impactjournals.com/oncotarget

(CD73) and A2B adenosine receptors. Circulation 2007; 
115:1581-1590.

22. Garin-Chesa P, Old LJ, Rettig WJ. Cell surface glycoprotein 
of reactive stromal fibroblasts as a potential antibody target 
in human epithelial cancers. Proc Natl Acad Sci U S A. 
1990; 87:7235-7239.

23. Scanlan MJ, Raj BK, Calvo B, Garin-Chesa P, Sanz-
Moncasi MP, Healey JH, Old LJ, Rettig WJ. Molecular 
cloning of fibroblast activation protein alpha, a member of 
the serine protease family selectively expressed in stromal 
fibroblasts of epithelial cancers. Proc Natl Acad Sci U S A. 
1994; 91:5657-5661.

24. Zhong H, Belardinelli L, Maa T, Zeng D. Synergy between 
A2B adenosine receptors and hypoxia in activating human 
lung fibroblasts. Am J Respir Cell Mol Biol. 2005; 32:2-8.

25. Feng W, Song Y, Chen C, Lu ZZ, Zhang Y. Stimulation of 
adenosine A2B receptors induces interleukin-6 secretion in 
cardiac fibroblasts via the PKC-δ–P38 signalling pathway. 
Br J Pharmacol. 2010; 159:1598-1607.

26. Tang J, Jiang X, Zhou Y, Dai Y. Effects of A2BR on the 
biological behavior of mouse renal fibroblasts during 
hypoxia. Mol Med Rep. 2015; 11:4397-4402.

27. Hart ML, Jacobi B, Schittenhelm J, Henn M, Eltzschig HK. 
Cutting Edge: A2B Adenosine receptor signaling provides 
potent protection during intestinal ischemia/reperfusion 
injury. J Immunol. 2009; 182:3965-3968.

28. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, 
Delaunay T, Naeem R, Carey VJ, Richardson AL, Weinberg 
RA. Stromal fibroblasts present in invasive human breast 
carcinomas promote tumor growth and angiogenesis 
through elevated SDF-1/CXCL12 secretion. Cell. 2005; 
121:335-348.

29. Feig C, Jones JO, Kraman M, Wells RJ, Deonarine A, 
Chan DS, Connell CM, Roberts EW, Zhao Q, Caballero 
OL, Teichmann SA, Janowitz T, Jodrell DI, Tuveson DA, 
et al. Targeting CXCL12 from FAP-expressing carcinoma-
associated fibroblasts synergizes with anti-PD-L1 
immunotherapy in pancreatic cancer. Proc Natl Acad Sci U 
S A. 2013; 110:20212-20217.

30. Guo F, Wang Y, Liu J, Mok SC, Xue F, Zhang W. CXCL12/
CXCR4: a symbiotic bridge linking cancer cells and their 
stromal neighbors in oncogenic communication networks. 
Oncogene. 2016; 35:816-826.

31. Piret JP, Mottet D, Raes M, Michiels C. CoCl2, a chemical 
inducer of hypoxia-inducible factor-1, and hypoxia reduce 
apoptotic cell death in hepatoma cell line HepG2. Ann N Y 
Acad Sci. 2002; 973:443-447.

32. Kong T, Westerman KA, Faigle M, Eltzschig HK, Colgan 
SP. HIF-dependent induction of adenosine A2B receptor in 
hypoxia. FASEB J. 2006; 20:2242-2250.

33. Turner N, Grose R. Fibroblast growth factor signalling: from 
development to cancer Nat Rev Cancer 2010; 10:116-129.

34. Obermajer N, Muthuswamy R, Odunsi K, Edwards RP, 
Kalinski P. PGE(2)-induced CXCL12 production and 
CXCR4 expression controls the accumulation of human 

MDSCs in ovarian cancer environment. Cancer Res. 2011; 
71:7463-7470.

35. Righi E, Kashiwagi S, Yuan J, Santosuosso M, Leblanc P, 
Ingraham R, Forbes B, Edelblute B, Collette B, Xing D, 
Kowalski M, Mingari MC, Vianello F, et al. CXCL12/
CXCR4 blockade induces multimodal antitumor effects that 
prolong survival in an immunocompetent mouse model of 
ovarian cancer. Cancer Res. 2011; 71:5522-5534.

36. Shaikh G, Cronstein B. Signaling pathways involving 
adenosine A2A and A2B receptors in wound healing and 
fibrosis. Purinergic Signal. 2016.

37. Feng W, Song Y, Chen C, Lu ZZ, Zhang Y. Stimulation of 
adenosine A(2B) receptors induces interleukin-6 secretion 
in cardiac fibroblasts via the PKC-delta-P38 signalling 
pathway. Br J Pharmacol. 2010; 159:1598-1607.

38. Dubey RK, Gillespie DG, Zacharia LC, Mi Z, Jackson 
EK. A(2b) receptors mediate the antimitogenic effects 
of adenosine in cardiac fibroblasts. Hypertension. 2001; 
37:716-721.

39. Epperson SA, Brunton LL, Ramirez-Sanchez I, Villarreal 
F. Adenosine receptors and second messenger signaling 
pathways in rat cardiac fibroblasts. Am J Physiol Cell 
Physiol. 2009; 296:C1171-1177.

40. Boyle DL, Sajjadi FG, Firestein GS. Inhibition of 
synoviocyte collagenase gene expression by adenosine 
receptor stimulation. Arthritis Rheum. 1996; 39:923-930.

41. Levy MT, McCaughan GW, Abbott CA, Park JE, 
Cunningham AM, Müller E, Rettig WJ, Gorrell MD. 
Fibroblast activation protein: a cell surface dipeptidyl 
peptidase and gelatinase expressed by stellate cells at the 
tissue remodelling interface in human cirrhosis. Hepatology. 
1999; 29:1768-1778.

42. Acharya PS, Zukas A, Chandan V, Katzenstein AL, Puré E. 
Fibroblast activation protein: a serine protease expressed at 
the remodeling interface in idiopathic pulmonary fibrosis. 
Hum Pathol. 2006; 37:352-360.

43. Roberts EW, Deonarine A, Jones JO, Denton AE, Feig C, 
Lyons SK, Espeli M, Kraman M, McKenna B, Wells RJ, 
Zhao Q, Caballero OL, Larder R, et al. Depletion of stromal 
cells expressing fibroblast activation protein-α from skeletal 
muscle and bone marrow results in cachexia and anemia. J 
Exp Med. 2013; 210:1137-1151.

44. Henry LR, Lee HO, Lee JS, Klein-Szanto A, Watts P, Ross 
EA, Chen WT, Cheng JD. Clinical implications of fibroblast 
activation protein in patients with colon cancer. Clin Cancer 
Res. 2007; 13:1736-1741.

45. Cohen SJ, Alpaugh RK, Palazzo I, Meropol NJ, Rogatko 
A, Xu Z, Hoffman JP, Weiner LM, Cheng JD. Fibroblast 
activation protein and its relationship to clinical outcome 
in pancreatic adenocarcinoma. Pancreas. 2008; 37:154-158.

46. Huber MA, Kraut N, Park JE, Schubert RD, Rettig WJ, 
Peter RU, Garin-Chesa P. Fibroblast activation protein: 
differential expression and serine protease activity in 
reactive stromal fibroblasts of melanocytic skin tumors. J 
Invest Dermatol. 2003; 120:182-188.



Oncotarget64288www.impactjournals.com/oncotarget

47. Santos AM, Jung J, Aziz N, Kissil JL, Puré E. Targeting 
fibroblast activation protein inhibits tumor stromagenesis 
and growth in mice. J Clin Invest. 2009; 119:3613-3625.

48. Allard B, Turcotte M, Stagg J. CD73-generated adenosine: 
orchestrating the tumor-stroma interplay to promote cancer 
growth. J Biomed Biotechnol. 2012; 2012:485156.

49. Mediavilla-Varela M, Luddy K, Noyes D, Khalil FK, 
Neuger AM, Soliman H, Antonia SJ. Antagonism of 
adenosine A2A receptor expressed by lung adenocarcinoma 
tumor cells and cancer associated fibroblasts inhibits their 
growth. Cancer Biol Ther. 2013; 14:860-868.

50. Monteagudo C, Ramos D, Pellín-Carcelén A, Gil R, 
Callaghan RC, Martín JM, Alonso V, Murgui A, Navarro L, 
Calabuig S, López-Guerrero JA, Jordá E, Pellín A. CCL27-
CCR10 and CXCL12-CXCR4 chemokine ligand-receptor 
mRNA expression ratio: new predictive factors of tumor 
progression in cutaneous malignant melanoma. Clin Exp 
Metastasis. 2012; 29:625-637.

51. Toyozawa S, Kaminaka C, Furukawa F, Nakamura Y, 
Matsunaka H, Yamamoto Y. Chemokine receptor CXCR4 is 
a novel marker for the progression of cutaneous malignant 
melanomas. Acta Histochem Cytochem. 2012; 45:293-299.

52. Yu Y, Gao S, Li Q, Wang C, Lai X, Chen X, Wang R, Di J, 
Li T, Wang W, Wu X. The FGF2-binding peptide P7 inhibits 
melanoma growth in vitro and in vivo. J Cancer Res Clin 
Oncol. 2012; 138:1321-1328.

53. Aguzzi MS, Faraone D, D’Arcangelo D, De Marchis F, 
Toietta G, Ribatti D, Parazzoli A, Colombo P, Capogrossi 
MC, Facchiano A. The FGF-2-Derived Peptide FREG 
Inhibits Melanoma Growth In Vitro and In Vivo. Mol Ther. 
2011; 19:266-273.

54. Reiland J, Kempf D, Roy M, Denkins Y, Marchetti D. FGF2 
binding, signaling, and angiogenesis are modulated by 
heparanase in metastatic melanoma cells. Neoplasia. 2006; 
8:596-606.

55. Sarchio SN, Scolyer RA, Beaugie C, McDonald D, Marsh-
Wakefield F, Halliday GM, Byrne SN. Pharmacologically 
antagonizing the CXCR4-CXCL12 chemokine pathway 
with AMD3100 inhibits sunlight-induced skin cancer. J 
Invest Dermatol. 2014; 134:1091-1100.

56. Seluanov A, Vaidya A, Gorbunova V. Establishing primary 
adult fibroblast cultures from rodents. J Vis Exp. 2010; pii: 
2033.


